The high-affinity histidine transport system of Salmonella typhimurium is constitutively involved in the active transport of histidine. Several protein components of the system have been identified. The periplasmic histidine-binding J protein is a product of the hisJ gene (2) , and the P protein, which has been shown to be a component of the cytoplasmic membrane, is a product of the hisP gene (3) . The hisQ gene product (5) has been identified by direct means (14) as a membrane-bound protein, and the existence of a fourth component, the M protein, has been inferred from DNA sequencing data (14) . These four structural genes (hisJ, hisQ, hisM, and hisP), together with a regulatory locus, dhuA (12) , form an operon located at 48.5 U on the S. typhimurium chromsomal map (4, 14; Fig. 1 ). The mutation, dhuAl, allows a histidine auxotroph to grow on D-histidine as a source of L-histidine by elevating the level of D-histidine transport, which is limiting in D-histidine utilization (1, 19) . For this study, we assigned a D-His+ phenotype to those strains capable of utilizing D-histidine; strains lacking this capacity were designated D-His-.
TnlO is a translocatable antibiotic resistance element which confers resistance to tetracycline (17) . The transposon is 9,300 base pairs in length, with inverted terminal repetitions of 1,400 base pairs (16) . By virtue of its properties, TnWO can be a useful tool for many genetic manipulations in bacteria (8, 18) . We have utilized it as a portable region of homology to isolate Hfr strains that have their origin at a predetermined site on the chromosome. These newly formed Hfr strains have been subsequently used to derive F' plasmids that carry some of the histidine transport genes.
MATERIALS AND METHODS Bacterial strains. All strains were derived from S. typhimurium LT2. Table 1 lists all strains used in this work.
Strain KL2000 was constructed by transducing TA2918 to tetracycline resistance with P22 phage prepared on TT521
(srl-202::TnJO recAl rpsL) and screening the transductants for UV light sensitivity (i.e., the recA phenotype). Finally, a tetracycline-sensitive recA isolate was selected by growth on sorbitol as the sole carbon source.
Media. Nutrient broth (Difco; 8 g/liter) with 5 (Table 1) by P22-mediated generalized transduction. To ensure that tetracycline resistance was the result of recombination and not transposition, we tested the tetracycline-resistant (Tet') transductants for resistance to the inhibitory histidine analog HIPA by the radial-streak method (22) . Growth in the presence of HIPA (HIPA') indicates that the transductant has a defective histidine-specific transport system (24 The direction of chromosome transfer was determined by using the markers purF and gipT, which flank the histidine transport operon. The Hfr donors were grown overnight at 42°C in NCE lactose medium supplemented with L-histidine and then diluted 10-1 into nutrient broth and incubated with shaking at 37°C for 2 to 4 h before mating. The auxotrophic recipient TR1783 was grown overnight at 37°C in nutrient broth. For conjugation, 0.1 ml of the donor culture was plated with 0.1 ml of the TR1783 culture. Minimal E plates were supplemented with L-tyrosine, L-phenylalanine, and Ltryptophan to assay for chromosome transfer in the direction of purF. Transfer in the gipT direction was monitored on NCE plates supplemented with aL-glycerophosphate, L-tyrosine, L-phenylalanine, L-tryptophan, adenosine, and thiamine. Since TR1783 has the mutation sufB2, which suppresses the hisO and hisC mutations, histidine is not a required supplement. Prototrophic recombinants were scored after 48 h of incubation at 37°C.
Isolation of strains containing F' his plasmids. To isolate F' plasmids harboring the histidine transport genes, 2 x 109 exponentially growing cells of a donor Hfr strain derived from merodiploid KL1100 were mixed with 1010 exponentially growing His-Rec-recipient cells (strain KL2000). The cell mixture was collected on a membrane filter (Millipore Corp.) and incubated for 5 h on a prewarmed nutrient agar plate. The filter was placed in 20 ml of liquid nutrient broth and incubated for 12 h with vigorous shaking. The culture was centrifuged, and the cells were suspended in 10 ml of E medium before 0.2-ml aliquots were spread on selective minimal E plates containing D-histidine. All operations were done at 30°C since the plasmids were expected to have the temperature-sensitive character of the F',s,14 lac plasmid used to construct the donor Hfr strains. After 2 days of incubation at 30°C, colonies were observed on the selective plates. The potential F' his carriers were purified by streaking on the same selective medium.
Isolation of plasmid DNA. Low-molecular-weight plasmid DNA was prepared by the cleared-lysis procedure of Clewell and Helinski (9); yields were amplified by the addition of chloramphenicol. F' plasmid DNA was prepared by a procedure that combined those procedures described by Sharp et al. (23) and Currier and Nester (10) . Both types of plasmid preparations were subjected to cesium chloride-ethidium bromide equilibrium density gradient centrifugation. The covalently closed circular DNA was withdrawn from the side of the polyallomer tube with a syringe (18-gauge needle), extracted three times with isopropanol to remove the ethidium bromide, dialyzed extensively against TE buffer (10 mM Tris-hydrochloride, pH 8.0; 1 mM EDTA) to remove the CsCl, concentrated by ethanol precipitation, and dissolved in TE buffer for storage at 4°C. Labeling of plasmid DNA in vitro. pRT44 DNA was 32p labeled by nick translation with Escherichia coli DNA polymerase I (21) .
Transfer of DNA to nitrocellulose filters and hybridization conditions. DNA restriction fragments in agarose gels were subjected to depurination, denaturation, and neutralization exactly as described by Wahl et al. (28) . The DNA was then transferred to nitrocellulose filters by the method of Southern (26) . The conditions described by Davis et al. (11) were used for prehybridization of the filters and hybridization of the transferred DNA to the labeled probe. After the final washes, the filters were air dried and exposed to Kodak XOmat S X-ray film for autoradiography, with a Du Pont Cronex Lightning-Plus intensifying screen.
RESULTS
Isolation of Hfr strains from merodiploids containing chromosomal and episomal TnlO insertions. The method for Hfr formation involves the directed insertion of an F't1114 lac plasmid into the chromosome by recombination between a TnJO sequence carried on the plasmid and a second TnJO sequence located on the chromosome (8). The results (Table  2) indicate that individual Hfr isolates from a given merodiploid mobilize the chromosome in the same preferential direction. This behavior suggests that the Hfr strains isolated from a single merodiploid are identical.
Determination of the orientation of the hisQ6757::TnlO insertion. The relative orientation of any chromosomal TnlO insertion can be determined by using F' plasmids carrying TnJO in different orientations. The F' lac plasmids carried by strains KL1100 and KL1200 (Table 1) have TnJO insertions of opposite orientation, which have arbitrarily been assigned "A" for those insertions similar to zzf-20::TnJO and "B" for those insertions similar to zzf-21::TnJO (8). The results of experiments defining the direction of transfer (Table 2) indicate that the orientation of the hisQ6757::TnJO insertion is such that when F't1l14 lac zzf-20::TnJO integrates, Hfr isolates are generated that transfer in a counterclockwise direction. When F't,114 lac zzf-21::TnJO integrates, Hfr isolates are generated that transfer in a clockwise direction. Based on these results and in accordance with the established assignments, a relative orientation of A was assigned to the hisQ6757::TnJO insertion.
F' plasmid formation. Hfr strains formed by TnlO-directed F' insertion can be used to form F' plasmids carrying genes near the origin of transfer (8) . In an Hfr x F-cross, it is advisable to choose a donor Hfr strain that transfers the selected marker very late, so that early marker transfer would most likely be the result of F' formation. Hfr strains derived from merodiploid KL1100 transfer the purF marker late in conjugation (Table 2) . Therefore, these Hfr isolates make ideal donors for the selection of F' plasmids that carry the dhuA and hisJ genes.
F' his plasmids were constructed by mating a donor Hfr strain derived from strain KL1100 with the His-Recrecipient KL2000 (Table 1) His' cosegregate a Induced segregation refers to overnight growth on nonselective medium at the nonpermissive temperature of 42°C.
b Strain KL2100 (Table 1 ) was used as the recipient. Selection was for lactose utilization, and counterselection was for streptomycin sensitivity. Crosses were performed on minimal lactose plates containing L-histidine and streptomycin (200 jig/ml) at 30°C; transconjugants were purified by streaking on minimal lactose plates containing L-histidine and streptomycin (500 jig/ml) at 30°C.
c The D-His+ phenotype was determined by growth on minimal E plates supplemented with D-histidine as the sole histidine source.
The Lac' and Tetr phenotypes were determined as described in Since the direction of transfer of a TnJO-generated Hfr strain is dependent on the orientation of both the plasmid-borne and chromosomal TnJO insertions, the orientation of the hisQ TnJO insertion was readily established based on the direction of transfer of the resulting Hfr strains. The results of Table 2 are unambiguous and, for the first time, allow the hisQ6757::TnJO insertion an assignment of orientation A.
Hfr strains made by TnJO-directed F' insertion can serve as a source of new F' plasmids carrying markers located near the site of the chromosomal TnJO insertion. In this study, F' factors carrying the dhuA and hisJ genes were isolated. Figure 3 illustrates the hypothetical formation of two types of F' plasmid that would need to be derived to fulfill the requirements of the selection scheme. In a type I excision, recombination takes place between a site on the F factor and a site on the bacterial chromosome such that the released factor carries bacterial markers but has suffered a deletion in the F sequences. In a type II excision, a recombinational event takes place between two bacterial sites, one on each side of the integrated factor, generating an F' plasmid carrying distal and proximal chromosomal markers, plus all of the F sequences. Either excision event could yield an F' plasmid with the Lac+, Tetr, and D-His+ phenotypes.
The D-His+ characteristic is expressed only as a result of complementation between the F' lac his plasmid and the KL2000 chromosome (Fig. 3) . The ability to utilize Dhistidine as a source of L-histidine requires elevated levels of the transport proteins (1) . Strain KL2000 has an increased sensitivity to HIPA almost equal to that of TA271 (data not shown), indicating that the Q, M, and P proteins are synthesized at elevated levels as a result of the dhuAl mutation (3). However, an internal deletion mutation in hisJ prevents the synthesis of functional J protein, and, as a result, strain KL2000 cannot grow on D-histidine. To be selected as a DHis' transconjugant, strain KL2000 would have to acquire an F' lac his plasmnid that could supply elevated levels of J binding protein to complement its own elevated levels of the Q, M, and P proteins. Because the dhuAl mutation functions only in cis (4), the F' lac his plasmids would have to carry intact dhuA and hisJ genes. Table 4 indicates that the class A Rec-isolates (Table 3 ) have properties consistent with the possession of a plasmid carrying some of the histidine transport genes. The D-His+ phenotype can be transferred to a new Rec-host, and the phenotype shows temperature sensitivity characteristic of the parental F's1l 14 lac episome. The other classes of D-His+ transconjugants (Table 3) can be explained as true transport operon recombinants that arose after transfer and expression of the recA+ gene. This preferably occurred with stable integration of the rec function (Rec+). Considering the site of F' insertion and the counterclockwise direction of transfer in the donor Hfr strain, ca. 90% of the chromosome would have to be mobilized to transfer the recA+ gene (Fig. 1) . Essen- tially 100% chromosomal transfer would have to occur to correct the hisJ deletion mutation of the KL2000 recipient (Fig. 3) .
Although less likely, an alternative explanation for the other classes of D-His+ transconjugants is that the donor Hfr strain had an uncharacterized mutation that, when transferred, was able to suppress the hisJ deletion mutation of KL2000. Here also, the donor Hfr strain would have to transfer the recA+ allele so that the proposed suppressor mutation could be incorporated into the KL2000 chromosome by homologous recombination. (15) . Based on this information and the BamHI restriction map of F (20) , the expected result for BamHI digestion of the TnJO-containing parental F',s1 14 lac plasmid was a digest with Tn1O sequences located on two of the restriction fragments. Hybridization with 32P-labeled pRT44 DNA has confirmed the expected result (Fig. 2, lane e). The formation of an F't, lac his plasmid by a type I excision event would yield an F' plasmid that carries a single TnlO element (Fig. 3) . A type II excision event would yield an F' plasmid that contains two copies of the TnJO transposon (Fig. 3) . In the former case, the F' lac his plasmid is analogous to the parental F' lac episome, and a similar pattern of hybridization would be expected. But the presence of two TnJO sequences, as in the latter case, would be expected to give additional bands of hybridization. The results shown in Fig. 2 , lane d, are consistent with those expected for an F' lac his plasmid carrying two TnJO elements. Four bands of hybridization are evident; two bands are identical to those of the parental plasmid in Fig. 2 , lane e, whereas the other two bands represent new BamHI restriction fragments containing TnWO sequences. Based on the hypothetical structure of this type of F' lac his plasmid (Fig. 3) , the two new restriction fragments which hybridized to pRT44 are composed of S. typhimurium chromosomal DNA and TnJO DNA. This particular F' lac his plasmid, which was isolated from strain KL2200, must have at least one BamHI cleavage site in the S. typhimurium DNA located between the TnWO elements (Fig. 3) .
The pRT44 probe also hybridized to non-TnJO-containing DNA sequences as well as to itself ( Fig. 2; lanes a, b, and c) . pRT44 contains A sequences (15) , so it was expected that a 32P-labeled pRT44 probe would hybridize to a digest of X. The results (Fig. 2, lanes a and a') indicate that pRT44 shares homology with the largest and the two smallest HindIll fragments of X. pBR322 is cleaved once by BamHI (7) , yielding a linear molecule (Fig. 2, lane b' ). Because both pBR322 and pRT44 are related to plasmid ColEl (7, 15) , pRT44 hybridized to BamHI-digested pBR322 (Fig. 2, lane  b) . BamHI cleaves pRT44 once (15) , yielding a linear molecule (Fig. 2, lane c') . The single band of hybridization in Fig.  2 , lane c, resulted from pRT44 hybridizing to a BamHI digest of itself.
We report here the isolation of F' plasmids carrying some of the S. typhimurium histidine transport genes. This was accomplished by a unique genetic manipulation involving the TnJO element. Such stringently controlled plasmids would be useful for certain physiological studies of the high-affinity histidine transport operon, in which only a restricted number of copies of one or more of the genes may be desirable. For example, gene dosage effects on histidine transport could be evaluated by comparing the gene expression from high-copynumber plasmids containing cloned his transport genes with expression from such F' plasmid derivatives. The cloning (5) and sequencing (14) of the entire histidine transport operon and detailed studies of its regulation (12, 13) 
